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STRUCTURE ANT) VARIABILITY OF EARTH'S ATMOSPHERE 

By R. A. Minzner and P. Morgenstern 
GCA Corporation, GCA Technology Divis ion 

Bedford, Massachusetts 

* 

SUMMARY 

Densi ty-a l t i tude  p r o f i l e s  obtained from 437 rocket  soundings f o r  
var ious por t ions  of t he  a l t i t u d e  i n t e r v a l  30 t o  200 km have been s t a t i s -  
t i c a l l y  s tudied f o r  v a r i a t i o n s  assoc ia ted  with s o l a r  f l u x  va r i a t ions .  
The soundings have been sor ted i n t o  homogeneous c e l l s  of a t h ree -  
dimensional a r r ay  defined by s p e c i f i c  diurnal ,  seasonal and l a t i t u d i n a l  
ca tegor ies .  Six d iu rna l  ca tegor ies  a r e  defined i n  t e r m s  of s o l a r  zen i th  
angles  and e a r t h  shadow he ights  r a t h e r  than i n  t e r m s  of standard o r  
Greenwich t i m e .  Eight seasonal ca t egor i e s  a r e  defined i n  t e r m s  a s t r o -  
nomical a s  w e l l  a s  cont inenta l  c l imato logica l  cons idera t ions .  Six l a t i -  
tude bands a r e  defined i n  15-degree increments with seasonal inversions 
t o  permit combining of southern and northern l a t i t u d e  regions.  

The quasi-homogeneous s t r a t i f i c a t i o n  of da ta  has permitted the ex- 
amination of the  inf luence of 10.7-cm s o l a r  f l ux  r a d i a t i o n  independent 
of the  inf luence of each of the  three  va r i ab le s  mentioned above. The 
r e s u l t s  of these var ious  computations a r e  presented a s  a p o r t f o l i o  of 
92 
and 10.7-cm s o l a r  f l ux .  

a l t i t u d e  p r o f i l e s  of the  c o e f f i c i e n t  of c o r r e l a t i o n  between dens i ty  

INTRODUCTION 

This repor t  p resents  t he  r e s u l t s  from a program of research on 
dens i ty  v a r i a t i o n  i n  the  upper atmosphere conducted f o r  NASA Headquarters 
under Contract NASW-1463. The p r inc ipa l  motivation f o r  t h i s  study i s  
the  work reported by JacChia [1]* which ind ica t e s  a s t rong pos i t i ve  cor -  
r e l a t i o n  between atmospheric dens i ty  and s o l a r  a c t i v i t y  i n  the  region 
above 200 km. On the premise t h a t  similar e f f e c t s  may be present  a t  
lower a l t i t u d e s ,  the cu r ren t  i nves t iga t ion  was i n i t i a t e d  t o  explore t h i s  
p o s s i b i l i t y .  

The model proposed by Jacchia  [2]  s t a t e s  that atmospheric dens i ty  
i n  the  region above 200 km i s  a func t ion  both of the  s o l a r  f l u x  dens i ty  
and of t he  i n t e r a c t i o n  between s o l a r  f l ux  dens i ty  and the  "diurnal" 
bulge e f f e c t  of the  atmosphere. Jacchia  notes,  however, t h a t  the  "diur- 
nal" bulge e f f e c t  i s  small below 200 km and thus , i t  was neglected 
* 

Now with National Aeronautics and Space Administration, Elec t ronics  
Research Center, Cambridge, Massachusetts. 

Numbers i n  [ ] represent  reference numbers. 
** 
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i n  the  cu r ren t  study. 
t h a t  t he  dependence of dens i ty  on s o l a r  f l u x  i s  a l i n e a r  one although 
the  basic  model allows f o r  a power law dependence. 
was based on the  eva lua t ions  of the  power law exponent made by 
Jacchia  [2] from s a t e l l i t e  acce le ra t ion  da ta  which y i e ld  two cases  
with a value of 1.0 and one case  with a value of 0.7. 

Also i n  the  present  work i t  has been assumed 

This assumption 

The ana lys i s  procedure used i n  the  study cons is ted  of ca l cu la t ing  
the  c o e f f i c i e n t  of c o r r e l a t i o n  ( l inear )  between atmospheric dens i ty  
and the  10.7-cm s o l a r  f l u x  dens i ty .  The 10.7-cm s o l a r  f l u x  dens i ty  
was used r a t h e r  than the  20-cm s o l a r  f l u x  dens i ty  because longer re- 
cords were ava i l ab le  f o r  the former quant i ty .  These c o r r e l a t i o n s  
were ca lcu la ted  f o r  both the  s o l a r  f l u x  measured on the  same day a s  
the  dens i ty  observat ion and f o r  the s o l a r  f l ux  measured on the pre-  
ceding day. The ob jec t ive  here  was t o  explore the  p o s s i b i l i t y  of a 
l a g  r e l a t ionsh ip  between s o l a r  a c t i v i t y  and atmospheric dens i ty  v a r i -  
a t i o n s .  
season and t i m e  of day by s t r a t i f y i n g  the  da ta  i n t o  quasi-homogeneous 
cells .  This system of s t r a t i f i c a t i o n  i s  described i n  d e t a i l  i n  subse- 
quent sec t ions  of the  repor t .  

An attempt was made t o  minimize the  inf luence  of l a t i t u d e ,  

The da ta  used f o r  the  study were obtained from reported rocket 
soundings o r  rocket  instrument r e l eases  i n  the  height  region 30 t o  200 
km. Thermodynamic da ta  from approximately 437 soundings have been 
co l l ec t ed  from 17 f ixed launch sites and a few shipboard launch s i t e s .  
These h igh -a l t i t ude  da ta  c o n s i s t  of p r o f i l e s  of one o r  more of t h ree  
p rope r t i e s :  densi ty ,  p ;  temperature, T; and pressure,  p. The know- 
ledge of any two of these q u a n t i t i t e s  f o r  any t i m e  and any poin t  i n  
the atmosphere permits determination of the  t h i r d  by means of the 
equat ion of s t a t e .  

R p = - p T  M 

where M i s  t he  mean molecular weight of a i r  and R i s  the  universa l  gas 
constant .  

_I -- 
______I_ _-_" _II ~~~ _- 

The set of ca l cu la t ions  described above a r e  given i n  the  Appendix 
a s  a p o r t f o l i o  of graphs showing the c o e f f i c i e n t  of c o r r e l a t i o n  versus  
a l t i t u d e .  
running average extending over a 5 km height  i n t e r v a l  t o  remove some 
of the  v a r i a b i l i t y  due t o  sampling f luc tua t ions .  

The curves shown i n  these graphs have been smoothed by a 
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MEASUREMENT TECHNIQUES 

In the altitude region 30 to 200 km, atmospheric data have been 
obtained primarily by vertical sounding rockets, although vertical light 
probes have also been used. In many instances only one of the three basic 
thermodynamic properties is determined at any time-space point. If this 
property is determined over an extended altitude region at essentially the 
same time, as in a near-vertical rocket-probe flight, this altitude profile 
of a single property leads to altitude profiles of the other two thermo- 
dynamic properties. If the basic data are for pressure versus altitude, 
the temperature-versus-height profiles may be deduced in principle from the 
slope of the semi-log graph of pressure versus altitude, that is, 

GM 1 
R d Rn p(h) 

dh 
T(h) = - 

where G is a constant numerically equal to the sea-level value of the 
acceleration of gravity at about 45" latitude with dimensions depending 
on those of geopotential [3],and h is geopotential altitude. 
p(h) and T(h) determined, p(h) is determined from Equation (1). Actually, 
the temperature determined is the mean temperature for the altitude interval 
between successive pressure measurements. Unfortunately, for practical pres- 
sure gauges, the temperature uncertainty becomes very large when the altitude 
interval is decreased to values less than 5 km,and this method has not been 
used extensively in the reduction of rocket sounding data. 

Thus, with 

If the primary data are values of density versus altitude of a specified 
accuracy without an independent knowledge of temperature at the top of the 
density-altitude profile, one may determine a temperature-altitude profile 
for all but the upper 10 to 15 km of the altitude region of the density data 
[4]. This is done using a numerical integration form of the expression 

T 2 = T  - + -  PI GM S I  p(h) dh 
l p 2  m 2  

h2 

where h i  is the geopotential of the greatest height for which a density value 
exists, i.e., p i ,  and h2 is the geopotential associated with successive values 
of densities p at successively lower heights, for which heights of the succes- 
sive values of T2 is determined. When h2 is sufficiently below hl so that the 
value Tl(pi/p2) 
T2 is determined essentially by the integral term 
for altitudes of 10 to 15 km below hl down to the lowest altitude of density 
data, temperature-altitude profile may be determined from density-altitude 

becomes small compared with T2 for some reasonable value for TI, 
of Equation ( 3 ) .  Thus, 
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data alone. 
percentage uncertainty of p2. 

If the observed data consist of an altitude profile of temperature, 
an additional piece of information consisting of a reference-level value 
of pressure or of density is required to develop a related pressure- 
altitude profile or a density-altitude profile. When this additional 
piece of information is a pressure-height value, p at ho, a complete 
pressure-altitude profile may be determined. 

The percentage uncertainty in T2 is comparable with the 

0 

If the temperature-altitude profile consists of a series of discrete 
temperature-altitude values so that the segments between these successive 
values may be taken as linear, the following equations may be used. 

and 

dt , f o r - = O  . dh 1 (h - ho> 
P = Po exp [- f 

TO 

These are the equations which were employed in the calculation of various 
standard and model atmospheres, Diehl [ S  1; Minzner and Ripley [3]; Minzner 
et al. [ 6 ] ;  Minzner et al. [7];  U.S. Standard Atmosphere [a]. Other suit- 
able series-expansion equations of the type discussed by Minzner [ 9 ]  are 
not limited to zero or nonzero values of temperature-altitude gradients, 
and,are far more desirable when values of L may approach zero yet are not 
equal to zero. 

The pressure equation of this latter type is 

P = P exp {- 
0 

When the additional piece of information is a density-height value, 
po at ho , the appropriate- equations commonly used for a linearly segmented 
temperature-altitude profile are: 

GM 

( 7  1 dt 
0 , forL=;iT;+O 
T 

To + (h - ho)L 
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and 

I n  t h e  case of d i g i t a l  d a t a ,  where dt/dh may be any realist ic value,  
including values near zero as w e l l  as zero ,  Minzner [ 2 0 ]  has shown t h a t  t h e  
following r ap id ly  converging series expansion i s  very convenient: 

___I_ ~ 

To T 5  GM (h - ho) + q  [ (T - ")+L(") +qT - 0)+...]}(9) 1/2 (T - To)R T f To 3 T + T o  5 T + T o  

Both Equations ( 6 )  and ( 9 )  are r e l a t e d  t o  equations derived earlier by Nicolet  
PI- 1. 

Following t h e  use of Equations ( 4 ) ,  ( 5 ) ,  o r  ( 6 )  i n  conjunction with 
t h e  s i n g l e  p re s su re -a l t i t ude  p o i n t ,  t h e  dens i ty -a l t i t ude  p r o f i l e  may be de t e r -  
mined from Equation (l), o r  from combinations of Equation (1) and one of 
Equations ( 7 - ) ,  ( S ) ,  o r  ( 9 ) .  I f  Equation ( 7 ) ,  ( 8 ) ,  o r  ( 9 )  are f i r s t  used 
i n  conjunction wi th  an i n i t i a l  d e n s i t y - a l t i t u d e  po in t ,  t h e  r e l a t e d  pressure- 
a l t i t u d e  p r o f i l e  may be deduced using Equation (I) o r  a combination o f  Equation 
(11, ( 4 . ) ,  ( 5 1 ,  and ( 6 ) .  

I n  t h e  above methods, a l t i t u d e  w a s  observed along with pressure,  tempera- 
t u r e ,  o r  dens i ty .  A l t i t ude  need not be one of t h e  fundamental observat ions,  
however; it may be in fe r r ed .  
temperature T;! a t  unknown a l t i t u d e  h2, where the  a l t i t u d e  increment h2 - hl i s  
small r e l a t i v e  t o  some i n i t i a l l y  known reference a l t i t u d e  h i ,  leads t o  t h e  
determination a f  t h e  value of h2 t h e  a l t i t u d e  of these observations:  

A corresponding p a i r  of values of pressure p2 and 

where ? i s  t h e  mean value of temperature between T 

t u r e  provided t h e  a l t i t u d e  o f  t h e  f i r s t  observat ion i s  known. 

and T2. Successive p a i r s  
of values  of p2 and T2 thus  lead t o  a l t i t u d e  p r o f i  1 es of pressure and tempera-  

The various h igh-a l t i tude  rocketborne experiments measure parameters 
which lead t o  one o r  t h e  o the r  of the  thermodynamic p rope r t i e s ,  and r a r e l y  
are these  measured "direct ly"  as with a thermometer, thermocouple system, o r  
thermistor  system f o r  temperature determination, o r  as with an aneroid o r  
mercurial  barometer i n  t h e  case of pressure o r  by some i n e r t i a l  device i n  t h e  
case of dens i ty .  On t h e  con t r a ry  they are a l l  measured i n d i r e c t l y .  Thus, f o r  

less. t o  c o n s i d  these  
which i s  the  dependent observation. 

h i s  t h e  independ 
es of t h e  types of 1 _ _ _ I  - -  

- v p i c a l -  
. -- . _i_l---._--- atmos observat ion follow. - -  - - - - "-I-- 
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I n  t h e  grenade experiment, t h e  mean v e l o c i t y  of sound i s  determined 
f o r  a series of successive atmospheric l aye r s .  
a ground-based microphone a r r a y  which measures t h e  phase v e l o c i t y  of t h e  
wave system generated by each of a series of grenade b u r s t s .  
va t ions  lead t o  values  of mean temperatures f o r  t h e  a l t i t u d e  l aye r s  between 
successive grenade b u r s t s .  

This i s  accomplished by 

These obser- 

I n  t h e  f a l l i ng - sphe re  experiment, t he  drag a c c e l e r a t i o n  ad experienced 
by t h e  f a l l i n g  sphere i s  measured, e i t h e r  d i r e c t l y  by an accelerometer 
i n d i r e c t l y  from rada r  t r ack ing  da ta .  These same rada r  da t a  o r  t h e  r e su  
of s i n g l e  and double i n t e g r a t i o n  o f  t h e  n e t  a c c e l e r a t i o n  (gravi ty  minus 
drag') lead t o  v e l o c i t y  v and a l t i t u d e  h .  These values  of ad and v when 
combined with t h e  appropriate  value of drag c o e f f i c i e n t  Cd and t h e  area- 
to-mass r a t i o  lead t o  d e n s i t y  a t  a l t i t u d e  h .  
property measured i s  dens i ty ,  t h i s  measurement can hard ly  be considered a 
d i r e c t  o r  independent one. 

' 

While t h e  only thermodynamic 

I n  t h e  p i to t - tube  experiment, r a t i o s  of impact pressures  t o  cone-wall 
pressures  o r  t o  ambient pressures  are measured, sometimes with aneroid type 
pressure gauges, but more l i k e l y  by some form of i o n i z a t i o n  gauge which 
a c t u a l l y  measures par t ic le  number densi ty .  These pressure r a t i o s  lead t o  
Mach numbers as w e l l  as t o  ambient pressure.  The Mach number along with 
rocket v e l o c i t y  from some form of r ada r  observat ion leads t o  sound speed 
and then t o  t e m p  r a t u r e .  

I n  var ious i o n i z a t i o n  gauges experiments,measurements lead t o  t h e  
number densi ty ,  mass dens i ty ,  o r  pressure depending upon c a l i b r a t i o n  of 
t h e  loca t ion  of t h e  gauge on the  rocke t ,  t h e  rocket  a l t i t u d e  and w a l l -  
temperature considerat ions.  

I n  none of t h e  above methods may t h e  temperatures,  d e n s i t i e s  o r  pres- 
su res  be considered d i r e c t l y  independent observations.  While some of t h e  
measurement techniques have smaller e r r o r s  than o t h e r s ,  f o r  var ious reasons,  
t h e r e  appears t o  be no other  inherent  advantage t o  having measured one o r  
another of t h e  thermodynamic p rope r t i e s  a t  var ious a l t i t u d e s .  With each 
method, a l t i t u d e  p r o f i l e s  of p ,  T, and p may be obtained u l t ima te ly  f o r  each 
o f  t h e  ind iv idua l  soundings considered provided t h e  c o r r e c t  i n i t i a l  condi- 
t i o n s  are m e t .  

The i n v e s t i g a t o r s  involved i n  the  var ious atmospheric sounding experi-  
ments do not always de r ive  a l l  t h r e e  o f  t h e  thermodynamic p rope r t i e s  p ,  T,  
and p from t h e i r  observed d a t a ,  and i n  some ins t ances ,  t h e  methods employed 
by one i n v e s t i g a t o r  may lead t o  g r e a t e r  u n c e r t a i n t i e s  than t h a t  used by 
another.  The study being h e r e i n  reported used only t h e  r e s u l t s  of those 
soundings f o r  which t h e r e  ex i s t ed  a published set of d e n s i t y - a l t i t u d e  values ,  
and only these  d a t a  w e r e  used r ega rd le s s  of what other  d a t a  may a l s o  have 
been published. Thus, i n  one sense ,  d e n s i t y - a l t i t u d e  da t a  may be considered 
as t h e  independent d a t a  i n  t h i s  study. The r e l a t e d  temperatures f o r  each 
sounding i s  used i n  t h i s  study were determined i n  a l l  cases by a 
i n t e g r a t i o n  form of Equation (3 ) and t h e  pressures  were then d e t  
using Equation (1). 
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DATA SOURCES AND PRELIMINARY STEPS 

A t o t a l  of 437 soundings covering the period 1947 t o  e a r l y  1965 
were assembled f o r  ana lys i s .  This basic  data  was co l l ec t ed  from 45 
d i f f e r e n t  sources including journa l  a r t i c l e s ,  i n s t i t u t i o n a l  r epor t s  
and p r iva t e  communications. Table 1 gives  an inventory of t he  sound- 
ings  showing the  number ava i l ab le  from each of 25 d i f f e r e n t  launch 
sites. With the  exception of th ree  f l i g h t s ,  da ta  published i n  the  
r epor t s  of the  Meteorological Rocket Network (MRN) [12 ]  were not  taken 
a s  the bas ic  source of da ta  i n  t h i s  study. MRN r e p o r t s  do, however, 
conta in  the  same o r  revised forms of da ta  f o r  a considerable  number of 
soundings used by us .  The o r i g i n a l l y  published forms of the  soundings 
used had the  common f e a t u r e  of dens i ty -a l t i t ude  p r o f i l e s  p(Z) i n  one of 
a number of systems of un i t s .  
quently not  published with the  basic  dens i ty  da ta  i n  the  o r i g i n a l  sources, 
and when published, were a r r ived  a t  by a v a r i e t y  of methods. 
ly ,  t o  ob ta in  uniformity, a l l  temperature-al t i tude da ta  used i n  t h i s  study 
were recomputed by us  from the  dens i ty -a l t i t ude  da ta  f o r  each sounding 
using Equation (3 ); i .e. ,  t he  p r inc ip l e  of downward i n t e g r a t i o n  of the  
dens i ty -a l t i t ude  da ta .  The p e r f e c t  i n t e g r a l  of Equation (3 .) was re- 
placed by a numerical- integrat ion procedure using a semi-logarithmic 
t rapezoida l  r u l e  described by Minzner and Sauermann [ 1 3 ] .  The r e s u l -  
t ingtemperatures,  t he  o r i g i n a l  dens i t i e s ,  and the  Gas Law were then 
used t o  c a l c u l a t e  t he  p re s su re -a l t i t ude  p r o f i l e .  These da ta  were com- 
p i l ed  and published i n  a separa te  s c i e n t i f i c  technica l  r epor t  by Enzne r ,  
Morgenstern and Me110 p4]. 

Temperatures o r  pressures  were f r e -  

Consequent- 

Checking and Edi t ing  

The ca l cu la t ed  temperatures served a s  a bas i s  f o r  checking the 
q u a l i t y  of the dens i ty  da ta  and f o r  ve r i fy ing  the  key-punching accuracy. 
The computed temperatures were compared with in te rpola ted  values  of t he  
temperatures of the U.S.  Standard Atmosphere T S ]  and with the  o r i g i n a l -  
l y  published temperatures when these were ava i l ab le .  The machine l i s t -  
ings  of t he  r e s u l t i n g  temperature d i f fe rences  were then reviewed noting 
any l a rge  temperature d i f f e rences  o r  any abrupt change i n  d i f f e rences  
from one l e v e l  t o  the  next.  Such s i t u a t i o n s  r e s u l t  from abnormal i n -  
crements i n  the  value of A an p / D z  versus a l t i t u d e ,  and suggested key- 
punch e r r o r s  o r  o the r  d i f f i c u l t i e s  i n  the  basic  da ta  cards .  
da ta  cards  and the  basic  da ta  were then checked and cor rec ted  when neces- 
sa ry .  I n  a t  l e a s t  two instances,  t h i s  test  ind ica ted  e r r o r s  i n  the  basic  
publ ica t ion  from which our  da ta  had been taken. Correct ions of t he  bas ic  
da ta  were made i n  these  ins tances .  A t  l e a s t  s i x  cases  were found where 
one inves t iga to r  i n  each of four  d i f f e r e n t  r epor t s  i n  the same year,  had 
smoothed one o r  more extreme temperature values  wi th in  a sounding with- 
ou t  smoothing t h e  dens i ty  values  which generated them. 
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T A B L E  1 

I N V E N T O R Y  O F  A T M O S P h k R l C  D A T A  b Y  

S I T E  N A M E  

A L G U W U t H U U E ,  No MtXICO 
A S C E N S I U N  1 . 3  A T L .  0 .  
B A R K I N G  S A N D S ,  H A W A I I  

E G L I N  A F  R A C E ,  F L O R I D A  
C A R N A R V G N ,  W. A U S T R A L I A  

F T .  C H U R C H I L L ,  M A N I T O B A  
GUAM, M A R I N A  1 . 9  PAC.  0. 
t l E I S S  1 . 7  F R A N Z  JOS. L o  
H O L L O M A N  AFB, N o  M t X I C O  
K A P U S T I N  Y A R T  EUI.I. U S S R  
K W A J A L t I N ,  M A R S H A L  I . ,  Pe 
iMCMIJR00 S O U N D  9 A N T A R C T  I C A  
P O I N T  MLJGU, C A L I F O R N I A  
S H I P  A, tQ* P A C I F I C  O C t A N  
S H I P  B No A T L k l q T I C  O C E A N  
S H I P  C L A N C A S T t H  SNDI 
S H I P  D No A T L A N T I C  O C k A N  
S H I P  E Ne A T L A N T I C  O C t A N  
S H I P  F No A T L A h T I C  O C E A N  
S H I P  G N o  A T L A N T I C  O C E A N  
S H I P  H Ne A T L A N T I C  O C E A N  
T I I U L E ,  G R E E N L A N D  
W A L L O P S  1 . 9  V I R G I N I A  
WHITE s k r m ,  NEN MEXICO 

C O D t  

AW 
A I  
BS 
C A  
E G  
FC 
GM 

ti A 
K Y  
KW 
MC 
P M  
S A  
St, 
SC 
SiD 
St 
SF 
SG 
SH 
T H  
iivl 
lu’ s 

H I  

WOOMERA 50 A U S T R A L  I A w 0 

L A T .  LONG.  

SITE 

G 1 ~ l T - 0 7 . 0  
GMT-00 .  0 
G M T - l 0 . G  
GMT +G8 o 0 
G M T - 0 6  00 
GM 1 - C 6  e 6 
GMT+10.0 
GM T + 0 5  . G 
GMT-G7.0 
GMT i o 4  0 
GMT+12 .0  
GM T $- 1 1 ii 
S M T - 0 8  00 
GMT-11 .0  
G M I - L I 4 . 0  
GiMT-06 0 
G M T - (3 4 e C 
Glvl I-04 e 0 
G M T - 0 3  * 0 
GM T -0 3 e 0 
G M T - 0 4 . 0  
GM I -04 * 0 
G M T - O ~ O O  
G M T - 0 7  0 0 
GMT+CI9 e 5 

16 
44 

6 
9 

7 4  
49 

7 
15 

b 
2 

13 
L D  

3 
1 
1 
1 
2 
1 
2 
2 
2 
5 

59 
2 5  
4 1  
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Some observed dens i ty  da ta  were shown by t h i s  test t o  have a very 
e r r a t i c  behavior, which most l i k e l y  w a s  not  real but which probably 
represented the  uncer ta in ty  i n  some phase of t he  measurement. 
such e r r a t i c  observat ions r e su l t ed  i n  dens i ty  invers ions ;  i .e. ,  dens i ty  
increas ing  with increas ing  a l t i t u d e ,  t he  da ta  were e i t h e r  e l iminated o r  
smoothed i n  one of two ways: (1) i n  a selective smoothing process, i n -  
d iv idua l  da ta  po in t s  were adjusted t o  e l iminate  i s o l a t e d  dens i ty  inver -  
sions,  and (2) i n  a number of o the r  ins tances  where many inversions 
ex i s t ed  wi th in  a sounding, a t h i r d  order  root-mean-square f i t  was made 
of the  e n t i r e  sounding. Soundings containing i d e n t i c a l  d e n s i t i e s  f o r  
two successive l e v e l s  yielded impossible temperatures a t  the  lowest of 
these  leve ls ,  and these cases  were eliminated by selective adjustment 
of densi ty-data  p a i r s .  The p res su re -a l t i t ude  p r o f i l e s ,  which i n  some 
ins tances  were published i n  the  o r i g i n a l  da ta  source, were universa l ly  
disregarded i n  t h e  checking and e d i t i n g  procedures. 

Where 

Soundings of which the  da ta  have been adjusted i n  one of severa l  
ways have been given appropr ia te  code designat ions i n  t h e  separa te  da ta  
r epor t .  I n  s p i t e  of the  very l a rge  e f f o r t  expended i n  e d i t i n g  the  
dens i ty -a l t i t ude  data,  a t  l e a s t  four  soundings containing uncorrected 
dens i ty  inversions have been found s ince  the  publ ica t ion  of t h i s  da ta  p4]. 

Normalizing the  Data t o  In teger  A l t i t udes  

The values  of dens i ty  temperature and pressure published i n  t h e  
d a t a  r epor t  are given f o r  the same a l t i t u d e s  c i t e d  i n  the  bas ic  source 
of the  da ta .  I n  the cu r ren t  s t a t i s t i c a l  study, however, the  da ta  f o r  
the  var ious  soundings must a l l  be normalized t o  a common set of a l t i -  
tudes.  The set chosen i s  the  series of successive i n t e g e r  geometric 
kilometer a l t i t u d e s  between the  g r e a t e s t  and lowest a l t i t u d e  of t he  
sounding. 
kilometer a l t i t u d e s  would have been preferab le . )  The adjustment of 
t he  da ta  t o  t h i s  common set of a l t i t u d e s  were performed by a s e r i e s  of 
s teps ,  t he  f i r s t  of which was a semilogarithmic i n t e r p o l a t i o n  of t he  
dens i ty -a l t i t ude  da ta .  
b a s i s  f o r  a c a l c u l a t i o n  of a temperature-al t i tude p r o f i l e  a t  the  i n t e -  
ger  a l t i t u d e s  using the  same method previously described. 
t u r e  ca lcu la t ion ,  a s  i n  the  case of t h a t  used f o r  the  da ta  report ,  ac-  
counted f o r  the  v a r i a t i o n  of the  acce le ra t ion  of g rav i ty  wi th  l a t i t u d e  
of t he  si te,  a s  w e l l  a s  with a l t i t u d e  over the  si te.  The temperature 
c a l c u l a t i o n  a l s o  e f f e c t i v e l y  accounted f o r  poss ib le  d i f f u s i v e  separa- 
t i o n  (or change i n  molecular weight of a i r )  a t  high a l t i t u d e s  by 
y i e ld ing  a r e s u l t  which i s  commonly c a l l e d  molecular s ca l e  temperature [3].  
This refinement, accounting f o r  v a r i a t i o n s  i n  molecular weight, i s  i n -  
s i g n i f i c a n t  f o r  data  below 110 o r  120 km a l t i t u d e ,  but i t s  inf luence  a t  
higher a l t i t u d e s  can be considerable.  The molecular s ca l e  temperature 
w a s  then used i n  the G a s  Law equat ion with the  r e l a t e d  dens i ty  values  
and with the  appropriate  cons tan ts  t o  y i e l d  r igorous ly  c o r r e c t  pressures  
a t  the  i n t e g e r  a l t i t u d e s .  

(It has s ince  been determined that  i n t e g e r  geopotent ia l  

The in t e rpo la t ed  d e n s i t i e s  then served a s  the  

This tempera- 

9 



The corresponding values  of densi ty ,  temperature and pressure a t  
successive i n t e g e r  a l t i t u d e s  f o r  each of 437 soundings, comprises the  
set  of da ta  h e r e i n a f t e r  designated as the in t e rpo la t ed  da ta .  These 
da t a  have an i n t e r n a l  consis tency and homogeneity i n  basic  e d i t i n g  and 
method of generat ion which w e  be l ieve  adds considerably t o  the  v a l i d i t y  
of the  s t a t i s t i c a l  r e s u l t s  of t h i s  study. 
separa te ly  published, but e x i s t  as a set of 17,000 IBM cards .  I n  addi-  
t i o n  t o  the  va lues  of t he  th ree  alt i tude-dependent parameters, densi ty ,  
temperature, and pressure,  each card a l s o  conta ins  a number of o the r  
pieces  of information which a r e  f ixed f o r  any p a r t i c u l a r  sounding. 
o the r  information includes the  following: (1) the  d a t e  and t i m e  of t he  
sounding i n  Greenwich o r  un iversa l  t i m e ,  (2) the  s i te  of the  launching, 
(3) the  s o l a r  f l u x  f o r  the  day preceeding and f o r  the  day of the  launch- 
ing, and (4) t h ree  sets of codes designat ing seasonal groupings, d iu rna l  
groupings, and a l a t i t u d e  grouping. The Greenwich t i m e  was assigned t o  
each sounding on the  bas i s  of l o c a l  standard t i m e ,  p lus  o r  minus a t i m e -  
zone cor rec t ion .  The s o l a r  f l u x  was taken from the  recordings of the  
10.7-cm r a d i a t i o n  a t  Ottawa, Canada D5,16]. The seasonal, d iu rna l  and 
l a t i t u d i n a l  codes were asBigned i n  a manner descr ibed i n  the  following 
sec t ions  

These d a t a  have not  been 

This 
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STRATIFICATION OF THE DATA 

Seasonal, Diurnal and La t i tud ina l  Coding of t he  Data 

The four  bas ic  types of seasonal d iv i s ions  and one spec ia l  seasonal 
d iv i s ion  a r e  determined and coded. These d iv i s ions  a r e  based on var ious  
numbers of days r e l a t i v e  t o  the  verna l  equinox a s  shown i n  Table 2. They 
include a 16-season d iv is ion ,  an  8-season d iv is ion ,  a 4-season d iv is ion ,  
a 2-season d iv is ion ,  and an extreme-season d iv i s ion .  

Two kinds of d iu rna l  d iv i s ions  have been coded; a s ix-per iod d i v i -  
s ion  and a three-period d iv i s ion .  These are based on the following 
c r i t e r i a :  (1) subsolar  angle  o r  zen i th  angle  of the  sun during dayl ight  
hours, (2) l o c a l  apparent noon and midnight, and (3) height  of ea r th ' s  
shadow during nighttime periods.  These d iv i s ions  a r e  shown i n  Table 3 
and i n  Figure 1. 

Only one kind of l a t i t u d e - b e l t  d iv i s ion  was coded, that  shown i n  
Table 4 .  This d iv i s ion  allows f o r  7 l a t i t u d e  b e l t s  i n  a s i n g l e  hemi- 
sphere, each b e l t  being 15 degrees wide wi th  the exception of the  t r o p i -  
c a l  and polar  b e l t s  which a r e  only 7 . 5  degrees i n  one hemisphere. Data 
from a p a r t i c u l a r  l a t i t u d e  b e l t  i n  the  southern hemisphere a r e  combined 
with data  i n  the  corresponding l a t i t u d e  b e l t  i n  the  northern hemisphere 
a f t e r  the southern hemisphere da ta  have had a 183,-day phase s h i f t  ap-  
p l i ed  p r i o r  t o  the  seasonal designat ion.  
d iv i s ion  was considered. I n  t h i s  one, adjacent  p a i r s  of those b e l t s  des-  
ignated i n  Table 4 would have been combined. Thus b e l t s  0 p lus  1, 2 p lus  
3, and 4 p lus  5 farm th ree  wider b e l t s .  No coding was developed spec i -  
f i c a l l y  f o r  t h i s  d iv is ion ,  although some i n i t i a l  ca l cu la t ions  were made 
on the  bas i s  of such a d iv is ion .  

A second type of l a t i t u d e - b e l t  

Four-Season S t r a t i f i c a t i o n  of the  Data 

The four  types of seasonal d iv is ions ,  two types of d iu rna l  d i v i -  
s ions  and two types of l a t i t u d i n a l  d i v i s i o n  lead t o  16 poss ib le  types 
of s t r a t i f i c a t i o n s  of the  da ta  i n  regard t o  the  th ree  va r i ab le s ;  
season, d iu rna l  period, and l a t i t u d e  band. The system of codes g r e a t l y  
f a c i l i t a t e d  the  process of t ry ing  var ious  combinations of d iv i s ions  and 
of s o r t i n g  the  da ta  i n t o  homogeneous s t r a t i f i c a t i o n s .  
so r t ings  were made t o  study the  v a r i a t i o n  of sample s i z e  f o r  d i f f e r e n t  
degrees of space and t i m e  reso lu t ion .  
ab le  (437) the  maximum usable  r e so lu t ion  of the  three  va r i ab le s  was 
judged a f t e r  severa l  t r ia l s  t o  be four  seasons, t h ree  d iu rna l  per iods,  
(daytime, nighttime and d iu rna l  t r a n s i t i o n ) ,  and s i x  l a t i t u d e  b e l t s .  
This leads  t o  72 poss ib le  bas ic  cells. The d i s t r i b u t i o n  of 
sample s i z e  (maximum number of  soundings! per  ce l l )  f o r  such 

Several  d i f f e r e n t  

For the  number of soundings a v a i l -  

maximum 
reso lu t ion  

i s  shown i n  Figure 2. 
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2 3  

23  

2 3  

2 3  

2 5  

2 3  

2 3  

2 3  

2 3  

23  

25 

2% 

2 3  

22 

23  

2 2  

23 

23  

16 

1 

'4 

5 

8 
-9- 

1 0  

--I- 

1 2  



TABLE 2 CONTINUED 

FOR 5 O U T ~ ~ R ~ - H E ~ ~ S P H E R ~  S I T E S  THE SEASONS ARE INVERTED BY SUB- 
~ ~ ~ C ~ ~ ~ G  183 FROM THE NUM5ER O F  THE DAY OF THE YEAR WHEN THAT NUMBER 

S EQUAL TO OR GREATER THAN 1839 OR BY ADDING 183 WHEN THAT NUMBER 
IS LESS THAN 183, 

FOR LEAP YEARS? ONE DAY IS  ADDED TO THE DAY OF THE YEAR FOR MONTHS 
biARCH THROUGH DECEMEER, C ~ ~ ~ E S P O N ~ I N ~ L Y  NO CORRECTION IS MADE FOR 
THE ~ C ~ U ~ U L A T ~ O  ~ U A R T ~ ~ - D ~ Y  ERRORS I N  SUCCESSIVE MEMBERS O F  THE 
~~~~~~~~R OF THE FOUR YEAR CYCLE? I N  SO FAR AS THE SEASONAL D I V I S I O N  
IS C ~ j ~ ~ ~ R ~ ~ ~ *  
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TAi3LE 3 

DIURNAL CODING 
AS RELATED TO RANGES OF 

L O C A L  ~ P P ~ ~ ~ N T  TJMEP SUBSOLAR ANGLE, AND SHADOW HEIGHT 

DIURNAL CLASSES 
SHADON SUBSOLAR LOCAL 6 -PERIOD 3 -PERIOD 
HEIGH?' ANGLE APPARENT 6-CLASS 3-CLASS 

TIME CODE CODE 

2 300 K1.l >60 D E G  ---------- 

<300 KI4 5 €30 DEG ---------- 

2 NIGHTTIME 

1 DAYTIME 

2 NIGHTTIME 

MIQNPGHV IS NEVER DESIGNATED AS 24.00 HOURS OF THE 
JUST-ENDING DAY,  RATHER TT IS DESIGNATED AS 00.00 
HOURS OF THE J U S T - ~ E G I ~ N ~ N G  DAY, 
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TA6LE 4 

LATITUDE CODING 

R A N G E  3F LATITUDE LATXTUDE NAME OF BAND 
I ~ ~ ~ ~ ~ E ~ T S  CODE OF LATITUDE 

UEGREES 
0 , O O  TO +07,50 0 EQUITORIAL 
0 , O O  TO - 0 7 e 5 0  0 EQUITORIAL 

+7,51 TO +22,5O 1 TI7 OP I C A L 
--7,51 TO -22,50 1 TROPICAL 

-22e51 TO -37.a50 2 SUBTROPICAL 
+22,56 TO +37,50 2 SUBTROPICAL 

+37,51 TO +52,50 3 MIDLATITUDE 
-57.52 TO -52.50 3 MIDLATITUDE 

+52*51 TO +67e50 4 SUBARCTIC 
-52,51 T O  -67,50 4 SUBARCTIC 

+67,51 TO +82.50 5 ARCTIC 
- 6 7 e 5 1  70 -82e50  5 ARCTIC 

+8%,51 T O  +90,00 6 POLAR 
-82851 TO - 9 o e 0 0  6 POLAR 

SITES INCLUDED 

SA 

BS t GM P KW 
AI 

CAiWO 
AQ~EGPHAPPMPWS 

K Y  t SF P WI 

HItSCtTH 
MS 

LfiTITUDES IN THE ~ O ~ T ~ E R N  HEMISPHERE ARE DESIGNATED POSITIVE 
LATITUDES IN TWL SOUTHERN HEMISPHERE ARE DESIGNATED NEGATIVE. 

15 



OICA149-10S 

DEFINITIONS OF SYMBOLS AS USED I N  THE COMPUTER CODING PROGRAM 

SUB 
APAR 
HAHAD 

1 
2 
3 
4 
5 
6 

sub-solar angle 
local apparent time 
height of the earth's shadow 
morning-transition period 
early-day period 
late-day period 
evening-transition period 
early-night period 
late-night period 

Figure 1. Definitions of symbols as used in the computer 
coding program. 
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N T  

A T A  
D I K  

Y E N TOTAL 

SPRING 

SUMMER 

AUTUMN 

WINTER 

T O T A L  

- - 1  1 

- - - - 

- - - - 

- - - - 

- - 1  

E Q U I T O R I A L ,  B t L T  U 

SPRING 

SUMMkR 

AUTUMN 

W I N T E R  

T O T A L  

N T  

A T A  
O I R  

Y E N T O T A L  

S U d T K O P I C A L ~  UELT 2 

1 3  3 5 2 1  

8 10 2 2 0  

4 19 6 2 9  

6 1 3 10 

31 3 3  16 

N T  

A T A  
D I K  

Y E N TOTAL 

SPRING 

SUMMER 

AUTUMN 

N I N T E R  

T O T A L  
r 

1 - 6 7 

8 - 8 16 

- 2 14 16 

- 9 19 19 

9 11 38 

N T  

A T A  
O I R  

Y E N TOTAL 

SUMMER 

AUTUMN 

N I N T k R  

T O T A L  

3 - 14 17 

- 1 7 8 

- 6 8 14 

4 7 40 

TROPICAL,  B t L T  1 

N T  

A T A  
D I R  

Y E N T O T A L  

SPRING 

N T  

A T A  
D I R  

Y E N T O T A L  

1 - 11 

F I G U R E  2 .  D I S T R I B U T I O N  OF SOUNDING5 I N T O  A THREE-DIMENSIONAL 
ARRAY OF C k L L S  D I S T I N G U I S H I N G  THRkE D I U R N A L  PERIODS, FOUR 
SEASONS, AND S I X  L A T I T U D E  dELTS,  WHtN THk I N D I C A T t U  LAYERS 
ARE STACKkD NORMAL T O  THk P L A N k  OF THE P A P t l i  I N  A S L t N D I N G  
ORDER OF B E L T  NUMBER 
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Figure 2 represents  a p a r t i a l  d i sec t ion  of a s ix- layer ,  th ree-  
dimensional a r r ay  of cells i n  which each l aye r  i s  shown a s  a separa te  
p a r t  of the  f igure .  Each l aye r  i s  assoc ia ted  with a p a r t i c u l a r  l a t i -  
tude b e l t  and represents  a two-dimensional a r r a y  of 12  c e l l s  stemming 
from four  seasonal u n i t s  and three  diurnal-per iod un i t s .  

A comparison of s t a t i s t i c a l  r e s u l t s  assoc ia ted  with any hor izonta l  
row of th ree  cells  ( l e f t  t o  r i g h t  i n  the plane of the  paper)  should i n -  
d i c a t e  any inf luence of d iu rna l  v a r i a b i l i t y  wi th in  a p a r t i c u l a r  season 
and l a t i t u d e  b e l t .  A comparison of r e s u l t s  assoc ia ted  with any column 
of th ree  c e l l s ,  top t o  bottom i n  the  plane of the  paper should i n d i c a t e  
any inf luence of seasonal v a r i a b i l i t y  wi th in  a p a r t i c u l a r  d iu rna l  period 
and l a t i t u d e  b e l t .  A comparison of r e s u l t s  assoc ia ted  with any column 
of s ix  c e l l s  normal t o  the  plane of the  paper i n  the three-dimensional 
view (i.e., cel ls  of corresponding season and d iu rna l  period, one from 
each of  the  s i x  l a t i t u d e  b e l t s )  should i n d i c a t e  any inf luence of l a t i -  
t ud ina l  v a r i a b i l i t y  wi th in  a p a r t i c u l a r  season o r  d iu rna l  period. 

The numbers wi th in  the 7 2  d i f f e r e n t  c e l l s  represent  the  numbers of 
soundings (from our da t a  s e t )  which are assoc ia ted  with the p a r t i c u l a r  
c e l l s .  The most populous l a t i t u d e  b e l t  i s  the  subt ropica l  b e l t  with 
184 soundings. This number accounts f o r  over 40 percent  of the  t o t a l  
sample. The remainder of the  da t a  a r e  d i s t r i b u t e d  somewhat uniformly 
across  the  o the r  l a t i t u d e  b e l t s ,  wi th  the  except ion of the e q u i t o r i a l  
b e l t  f o r  which there  i s  but a s ing le  sounding i n  our sample. 

L i t t l e  r e l i ance  could be placed upon any atmospheric v a r i a b i l i t y  
between l a t i t u d e  bands 0 and 1 which might be demonstrated by the  da t a  
of the  s i n g l e  sounding i n  b e l t  0 when compared w i t h  the  da t a  of the  
80 soundings i n  b e l t  1. Consequently, f o r  t h i s  study3 the  da t a  from 
the  s ing le  be l t -0  sounding were combined wi th  the  da t a  i n  the  co r re s -  
ponding ce l l  of l a t i t u d e  b e l t  1, thereby e l imina t ing  l a t i t u d e  b e l t  0, 
and reducing the  number of bas ic  c e l l s  under cons idera t ion  t o  60. 
(Therefore a l l  subsequent d i scuss ion  of Figure 2 w i l l  r e f e r  t o  only 
l a t i t u d e  b e l t s  1 through 5.) 

The four  t o t a l s  i n  the right-hand column of each of the  two- 
dimensional a r r a y s  of c e l l s  i n  Figure 2 represent  the  sums of soundings 
i n  each of the  assoc ia ted  four  seasons disregarding d iu rna l  per iods.  
Each of these sums i s  assoc ia ted  with what w e  c a l l  a compressed c e l l ,  
wherein the  number of soundings i s  increased a t  the  expense of los ing  
the  opportuni ty  of d i scern ing  the  inf luence of one of the  var iab les ,  i n  
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t h i s  ins tance  the  d iu rna l  period. The stacked three-dimensional a r r ay  
of c e l l s  of Figure 2, when viewed from the  r igh t ,  shows a set of 20 
f i rs t -compression c e l l s  i n  the  la t i tude-season  plane a s  presented i n  
Figure 3 .  
zonta l  row of 4 cel ls  i n  Figure 3 should ind ica t e  any inf luence of 
seasonal v a r i a b i l i t y  wi th in  a given l a t i t u d e  b e l t ,  provided it is  not  
masked by the  unresolved d iu rna l  v a r i a b i l i t y .  Similar ly ,  a comparison 
of r e s u l t s  associated with any v e r t i c a l  column should ind ica t e  any i n -  
f luence of a l a t i t u d i n a l  v a r i a b i l i t y  wi th in  a given season, without re- 
gard t o  d iu rna l  period. 

A comparison of s t a t i s t i c a l  r e s u l t s  assoc ia ted  with any ho r i -  

The three  t o t a l s  i n  the bottom row of each of the  f i v e  l a t i t u d e  
sec t ions  i n  Figure 2 represent  the  sums of the  number of soundings i n  
the four  seasons f o r  any one d iu rna l  period. These numbers a r e  assoc i -  
a ted  with a set of 15 f i rs t -compression cells  wi th in  which the number 
of soundings i s  increased a t  t he  expense of los ing  the  seasonal reso lu-  
t i on .  A s  viewed from the  f r o n t  of t he  stacked a r r a y  of Figure 2, t h i s  
set of f i rs t -compression cel ls  l ies  i n  the  plane defined by l a t i t u d e  
and d iu rna l  per iods a s  shown i n  Figure 4. A comparison of s t a t i s t i c a l  
r e s u l t s  assoc ia ted  with any hor izonta l  row of these  c e l l s  permits the 
examination of d iu rna l  v a r i a b i l i t y  a t  a f ixed  l a t i t u d e ,  without regard 
f o r  season. Similar ly ,  a comparison of r e s u l t s  of any v e r t i c a l  column 
of these  cel ls  permits the examination of l a t i t u d i n a l  v a r i a b i l i t y  f o r  a 
f ixed  d iu rna l  period, provided t h a t  the  unresolved seasonal v a r i a b i l i t y  
does not  obscure the  r e s u l t s .  

The f i r s t  four  t o t a l s  i n  the  bottom row of t h e  a r r ay  of Figure 3 
represent  the  t o t a l s  of the  corresponding columns. Each of these 
numbers i s  assoc ia ted  with one member of a set of four  second-compression 
cel ls  wi th in  which n e i t h e r  d iu rna l  period nor l a t i t u d e  b e l t  i s  resolved. 
These c e l l s  c o n s t i t u t e  a one-dimensional a r r a y  i n  which only the season 
i s  resolved. The f i r s t  f i v e  t o t a l s  i n  the  right-hand column of t he  a r r ay  
of Figure 3 a r e  each associated with a corresponding member of a set of 
f i v e  second-compression cells.  I n  t h i s  instance,  n e i t h e r  the  four  sea-  
sons nor the  three-d iurna l  per iods are resolved. 
c o n s t i t u t e  a one-dimensional a r r ay  i n  which l a t i t u d e  b e l t  i s  the  only 
resolved var iab le .  

Hence, these f i v e  cells  

Similar ly ,  khe three  t o t a l s  i n  the  bottom row of the  a r r ay  of 
Figure 4 a r e  each associated with corresponding members of a set of th ree  
second-compression cells. I n  t h i s  instance,  however, i t  i s  the four  sea-  
sons and s i x  l a t i t u d e  b e l t s  which a r e  not resolved. Thus, these cel ls  
c o n s t i t u t e  a one-dimensional a r r ay  i n  which only d iu rna l  period i s  re- 
solved. 

The number on the  lower right-hand corner  of the  a r r ay  of Figure 3 
i s  the i d e n t i c a l  sum of the  corresponding column and row. This number i s  
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ARCTIC,  B E L T  5 

SUBARCTIC,  BELT 4 

M I D L A T I T U D E ,  UELT 3 

SUBTROP I C A L  9 B E L T  2 

TROPICAL 9 B E L T  1 

TOTAL 

F IGURS 3 .  D I S T K I B U T I O N  OF SOUNDINGS I N T O  F O U k  D I 5 T I N C T  b k T S  OF 
CELLS,-- ONE F I R S T - C O M P R t S S I O N  S t T ,  Tihid, D IFFERENT SECOND- 
COMPRESSION SETS, AND ONE THIRD-COMPRESSION SET 9--- d H E I I E  IHk 

SEASONAL AND L A T I T U D I N A L  D I V I S I O N S .  FOUR SEASONAL PERIODS ANa 
F I V E  L A T I T U D k  BELTS,-  FOUR S t k S O N A L  PERIODS c) fvLY,-  F I V E  
L A T I T U D E  8 E L T 5  ONLY 9 -  AND N k I T H t l i  SkASONAL PERIODS NOR 

FOUR SETS OF C E L L S  D IST I l \ iC ;U IS t i  R L S P E C T I V E L Y  T H t  F O L L O W I N G  

L A T I T U D t  t3ELTs 

14 8 17 12 5 1  

19 16 16 7 58 

15 13 21 14 63 

23 75 41 45 184 

l u  29 2u 22 81 

81 141 115 1 L O  437 
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ARCTIC,  B E L T  5 

SUBARCTIC, BELT 4 

M I D L A T I T U U E ,  B E L T  3 

SUBTROPICAL,  8 E L T  2 

TROPICAL 9 B E L T  1 

T O T A L  

F I G U R E  4 .  D I S T K I B U T I O N  OF SOUNDINGS I N T O  TNO D I S T I N C T  L E T S  
OF C t L L S , - -  ONE FIRST-COMPKLSSION >ET, AND ONk SECOND- 
COMPRESSION SET,-- d H k R k  THE TWO S t T S  OF C t L L S  UISTIN- 
G U I S H  R E S P E C l I V E L Y  THk F U L L U Y U I N G  O l U R N A L  AND L A T I T U D I N A L  
D I V I S I O N S .  THREE D I U R N A L  PEKIODS AND F I V t  L A T I T U D E  
BELTS,- AND THREE G I U K N A L  P L K I O D L  ONLY 

4 7 5 b  

9 11 3 8  

8 1 5  4 u  

5 1  6 0  7 3  

31 2 3  1 7  

i u 3  116 2 0 8  
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assoc ia ted  with a s ing le  third-compression c e l l  i n  which none of t he  
three  var iab les ,  season, d iu rna l  period, o r  l a t i t u d e  b e l t  i s  resolved. 
The number i n  t h i s  cel l  is ,  of course, the  s i z e  of the t o t a l  sample. 
The t o t a l  number of cel ls  defined i n  the  four-season c l a s s i f i c a t i o n s  de-  
scr ibed above i s  108. 

Extreme -Season S t r a t i f i c a t i o n  

I n  addi t ion  t o  the  four-season c l a s s i f i c a t i o n  scheme shown i n  
Figures 2, 3, and 4, t he  da ta  were a l s o  s t r a t i f i e d  according t o  aAtwo 
extreme-season c l a s s i f i c a t i o n .  One of these extreme seasons c-onsists of 
a summer extreme which i s  ha l f  the  length of the  previously defined sum- 
mer season, and covers the  46-day period following the  summer s o l s t i c e .  
The second extreme season c o n s i s t s  of a winter  extreme which covers the  
46-day period following the  winter  s o l s t i c e .  These two subse ts  were de- 
signed t o  a i d  i n  the  de t ec t ion  of extremes of any s t a t i s t i c a l  model 
which depends upon the  annual heat ing and cool ing cyc le .  

A s  i n  the four-season c l a s s i f i c a t i o n ,  the sounding da ta  i n  the  
summer-extreme and winter-extreme c l a s s e s  were f u r t h e r  s t r a t i f i e d  i n t o  
three  times-of-day periods,  and f i v e  l a t i t u d e  b e l t s .  This s t r a t i f i c a -  
t i o n  leads t o  30 basic  cel ls  f o r  which the  sample s i z e s  a r e  shown i n  
the  basic  por t ions  of the  f i v e  l aye r s  of the three-dimensional a r r ay  i n  
Figure 5. Each hor izonta l  row of these basic  cel ls  was compressed across  
d iu rna l  per iods y i e ld ing  f i rs t -compression c e l l s  with numbers of sound- 
ings  shown i n  the columns e n t i t l e d  t o t a l  i n  each sec t ion  of Figure 5. 
These ten,  f irst-compression, extkeme-season c e l l s  a r e  shown grouped i n  
the  season- la t i tude  plane i n  Figure 6.  Here the r e s u l t s  of a second 
compression, t h i s  one across  l a t i t u d e  b e l t s ,  i s  shown a s  two cel ls  with 
sounding numbers given i n  the  t o t a l s  of Figure 6. Figure 6 bears the  
same re l a t ionsh ip  t o  Figure 5 a s  Figure 3 bears t o  Figure 2. 

No second-compression, extreme-season c e l l s  were obtained by com- 
press ing  across  seasons. This i s  because the annual mean value so ob- 
ta ined would not  be a s  v a l i d  a s  one obtained from the  four,  quar te r -  
year  periods.  There is, therefore ,  no extreme-season, second-compression 
diagram comparable t o  the  bas ic  second-compression diagram of Figure 4. 
There a r e  a l s o  no corresponding da ta  cel ls  f o r  ana lys i s .  

I n  the extreme-season category, a t o t a l  of 1 2  compressed c e l l s  and 
30 bas ic  cel ls  y i e l d  a sum of 42 extreme-season c e l l s .  
t o  the  60 basic  cells  and the  48 compressed cel ls  i n  the  four-season 
category y i e l d  a t o t a l  of 90 basic  c e l l s  and 60 compressed cel ls  o r  a 
grand t o t a l  of 150 defined da ta  c e l l s .  

These c e l l s  added 

Sample-Size Di s t r ibu t ion  Within the Data Cells 

A review of the  150 poss ib le  da ta  c e l l s  shows t h a t  a wide range of 
sample s i z e  e x i s t s  p a r t i c u l a r l y  i n  the  90 basic  cells;  i .e . ,  0 t o  37 
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N T  

D G A  
I R  

A H N  
Y T S  

SUMMER 
EXTKEME 

WINTER 
EXTREME 

TOTAL 

- 3 2 5 

1 1 1 3 
r 

1 6  

EXTREME I 7 1 1 

N T  

D G A  
I R 

A H N  
Y T S T O T A L  

N T  

O G A  
I R  

A H N  
Y T S TOTAL 

N T  

D G A  
I R  

A H N  
Y T S T O T A L  

EXTREMk LUMMER ~ 

& I N T E R  
EXTREME 

M I D L A T I T U D t ,  6 t L T  3 

N T  

D G A  
I R  

A H N  
Y T S T O T A L  

EXTREME 

WINTER WINTER 
EXTREME EXTREME 

SUUARCTIC,  B t L T  4 ARCTIC,  d tLT  5 

F IGURE 5. D I b T K I b U T I O N  OF SOUNDINb5 I N T O  A T H R E E - U I I ~ ~ N S I O N A L  
ARRAY OF C E L L b  D I S T I N G U I S H I N G  THREE D I U R N A L  PERIODS,  T ~ i 0  
EXTREME-SEASON PER IOOS, AND FIVE L A T  I TUDE t i E L - r s  'I WHEN THE 
I N D I C A T E D  LAYkRS ARE STACKED NORMAL TO T h E  PLANE Of- THE 
PAPER I N  ASCENDING ORDER O F  THE: d E L T  NUMBER 
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ARCTIC9  B E L T  5 

SUBARCTIC,  BELT 4 

M I D L A T I T U D t . 9  BELT 3 

SUBTROPICAL,  t3LLT 2 

TROPLCAL, B t L T  1 
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9 16 

3 5 
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FIGURE 6 .  D I S T K I B U T I O N  OF SOUNDINGS I N T O  TWO D l S T I N C T  b k T S  
OF CELLS,-- ONE FIRST-COMPI IESSION S k T ,  AND ONE SECOND- 
COMPRESSION SET,-- WHERE THE TWO SETS OF CELLS D I S T I N -  
G U I S H  RESPECTIVELY THE FOLLOWING D I U R N A L  AND L A T I T U D I N A L  
D I V I S I O N S .  TWO EXTREME-SEASON P E R I O D 5  AND F I V E  L A T I T U D E  
BELTSI- AND TWO EXTREME-SEASON P E l i l O D S  ONLY 
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soundings. 
14 conta in  soundings such t h a t  t h e r e . i s  one and only one da ta  poin t  a t  
any a l t i t u d e ,  while 10 add i t iona l  c e l l s  conta in  soundings such that the  
g r e a t e s t  concentrat ion of data  po in t s  a t  any p a r t i c u l a r  a l t i t u d e  i s  two. 
Since our programs made s t a t i s t i c a l  analyses  only f o r  sample s i z e s  of 
3 o r  more, no computations were made f o r  40 of the  bas ic  cells. 
r e s u l t s  e x i s t  f o r  only 110 da ta  cells. 

Sixteen bas ic  cells conta in  no soundings from our sample, 

Hence, 

There are a t  least four  general  f a c t o r s  which con t r ibu te  t o  the  
d ispropor t iona te  d i s t r i b u t i o n  of the  sample s ize ;  these f a c t o r s  involve 
geographical, sociological ,  psychological and astronomical considera-  
t ions .  Of these,  only the  l a t te r  can be s p e c i f i c a l l y  defined, but some 
subjec t ive  comments appear t o  be appl icable  t o  the  o the r s .  The more re- 
mote areas ,  and hence the  subarc t ic  and a r c t i c  b e l t s ,  have fewer sound- 
ings merely because of t h e  l o g i s t i c a l  problems involved. The f i r s t  ha l f  
of t he  winter-extreme period between December 21 and mid-January have 
very few soundings i n  any l a t i t u d e  b e l t  l a rge ly  because of the  holidays.  
Arctic and subarc t ic  regions a r e  must uncomfortable during the  winter, 
and f i e l d  p a r t i e s  tend t o  avoid discomfort by avoiding extreme condi t ions.  
These reasons a r e  l a r g e l y  responsible  f o r  the  f a c t  t h a t  only 37 percent 
of a l l  extreme-season soundings occurred during the  winter-extreme period. 

I n  r e t rospec t  it i s  apparent t h a t  defined astronomical condi t ions f o r  
day and n ight  d iv i s ions  i n  our study a r e  responsible  f o r  a l a rge  amount of 
t h e  d ispropor t iona te  d i s t r i b u t i o n  of sample s i ze ,  p a r t i c u l a r l y  i n  l a t i t u d e  
b e l t s  4 and 5, although these reasons a l s o  apply t o  a lesser degree t o  l a t i -  
tude b e l t  3 .  Our d e f i n i t i o n  of daytime required the  l o c a l  e l eva t ion  angle  
of t he  sun t o  be g rea t e r  than 30 degrees. It may be demonstrated, there-  
fore ,  t h a t  no winter  o r  winter-extreme daytime condi t ions a r e  poss ib le  i n  
l a t i t u d e  b e l t s  4 and 5 and t h a t  only a few hours of such daytime condi- 
t i o n s  e x i s t  i n  l a t i t u d e  b e l t  3 .  
s o l s t i c e  no such daytime condi t ions e x i s t  a t  l a t i t u d e s  g rea t e r  than 
36.56' and even a t  the  summer s o l s t i c e ,  the northern boundary of the  a rc -  
t i c  b e l t  i s  j u s t  wi th in  the  l a t i t u d e  which s a t i s f i e s  t he  condi t ion.  Simi- 
l a r l y ,  autumn daytime condi t ions a r e  almost non-existent i n  the a r c t i c  
b e l t  with the  t o t a l  number of daytime hours per  autumn season gradual ly  
increas ing  a s  the l a t i t u d e  decreases.  

I n  pa r t i cu la r ,  on the  day of the  winter  

Our d e f i n i t i o n  of nighttime required an e a r t h ' s  shadow height  of 
300 km. It may be shown t h a t  t h i s  condi t ion i s  m e t  a t  l o c a l  midnight 
when the  sum of the l a t i t u d e  and the  dec l ina t ion  angle  i s  equal t o  o r  
less than 7 1 . 4 3  degrees (atmospheric r e f r a c t i o n  being considered).  
Taking the  value of the  sun's dec l ina t ion  angle f o r  those da t e s  which 
serve a s  boundaries t o  the  severa l  seasons a s  defined by us, one may 
r ead i ly  estimate the  per iods when no nighttime condi t ions  e x i s t s  a t  the  
var ious  l a t i t u d e s .  One sees tha t  t he re  i s  no summer n ight  i n  the  a r c t i c  
and almost none i n  the  subarc t ic .  
l a t i t u d e  b e l t  3, summer nighttime a s  defined by us  does not e x i s t  f o r  some 

Even a t  the  more nor ther ly  por t ions  of 
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days around the  summer s o l s t i c e .  Spring and autumn nighttimes a r e  sever ly  
c u r t a i l e d  i n  the  arctic and p a r t l y  c u r t a i l e d  i n  the  subarc t ic  and mid- la t i -  
tudes by our d e f i n i t i o n .  

High-Resolution S t r a t i f i c a t i o n s  

A f i n e r  r e so lu t ion  of the  three  var iab les ,  season, d iu rna l  period 
and l a t i t u d e  was a l s o  considered during the  e a r l y  p a r t  of t h i s  study. 
r e so lu t ion  involved e i g h t  seasons, s i x  d iu rna l  per iods and f i v e  l a t i t u d e  
bands. It leads  consequently t o  a t o t a l  of 240 basic  cells without cons i -  
der ing  any compression cells. The basic  three-dimensional a r r a y  of cel ls  
f o r  t h i s  reso lu t ion ,  with the  number of sounding of our basic data  i n  each 
c e l l  i s  given i n  Figure 7 .  
fewer than three  soundings make i t  obvious t h a t  our basic  da ta  set i s  too 
small f o r  such reso lu t ion .  

This 

The many c e l l s  i n  such an  a r r a y  which have 

Special  S t r a t i f i c a t i o n s  

I n  addi t ion  t o  the  uniform sequence of da ta  s t r a t i f i c a t i o n s  described 
above, severa l  spec ia l  da ta  groupings were used. 
t o  obta in  increased sample s i z e s  by s e l e c t i v e l y  grouping some of the  higher  
r e so lu t ion  c e l l s .  The three  spec ia l  s t r a t i f i c a t i o n s  were: 

The objec t ive  here was 

(1) Divis ion of the  annual cyc le  i n t o  winter  ha l f  and summer ha l f  
This grouping was made only f o r  the da t a  i n  the seasons (see Table 2). 

t r o p i c a l  and a r c t i c  l a t i t u d e  b e l t s .  

(2) All da ta  f r o g  the  subt ropica l  and mid-lat i tude b e l t s  were com- 
bined i n t o  a s ing le  30 l a t i t u d e  b e l t  c l a s s .  
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D I U R N A L  PERIODS 
1 2 3 4 5 6 TOTAL 

1 
2 

9 

EQUATORIAL,  t j t L T  0 

15 
5 5  
1 7  

2 2  
1 3  

7 

D I U R N A L  PERIODS 
1 2 3 4 5 6 TOTAL 

0 1  5 1 3  1 9  

T O T A L  

s 1  
E 2  
A 3  
s 4  
0 5  
N 6  

s 7 3 1 3 3  10 
22  17  34  5 1  4 2  1 8  1 8 4  

1 

s 1  
E 2  
A 3  
s 4  
0 5  
N 6  
s 7  

T O T A L  

8 

0 2  1 3 
1 2 2  5 
4 1 7  12 
1 1 
4 2 1  7 

3 1 3  7 
2 3 2 7 
3 6 9 
17 4 2 3  2 5 51 

4 
2 
3 

2 

3 
2 

3 

2 
7 

1 2 3 4 5 6 TOTAL 
01  4 2 11 1 2  3 3 1  3 5  

s 1  
E 2  
A 3  
s 4  
0 5  
N 6  

s 7 1 2  8 2  I12 
TOTAL 1 6  1 30 10 15 18 1 8 0  

TROPICAL,  B k L T  1 

3 2 2 4 6 1  
6 4 4 1 4 4  
1 2  5 1 2 1 9  3 
4 2  12  8 7 
1 3 4 1  

4 6 3 1  

18 
23 
4 2  
3 3  
Y 

1 4  

0 
s 1  
E 2  
A 3  
s 4  
0 5  
N 6  

1 2 3 4 5 6 T O T A L  
1 1 1 2 1  6 
1 4 8 1  14 
1 1  3 2  7 

1 1 2  
1 1 7 1 1 1 1  
3 2 1 6  
1 2 6  9 

s 7 1  2 5 1  8 
T O T A L 1 1 0  2 6 3 0  1 2  3 6 3  

M I U L A T I T U U E ,  13ELT 3 

F I G U R E  7 .  D I S T R I B U T I O N  OF SOUNDINGS ACCOIIDlhiG TO S I X  D IURNAL 
PERIODS, E I G H T  SEASONS, AND S I X  L A T I T U O t  UELTS 
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COMPUTATION PROCEDWS 

The c o e f f i c i e n t  of c o r r e l a t i o n  ( l inear )  between atmospheric dens i ty  
(p) and 10.7-cm s o l a r  f l u x  (SF) may be s t a t e d  as 

where 

cov {p, SF} is  the  covariance between p and SF 
cr(p1 i s  the  standard devia t ion  of p 

cr{SF] i s  the  standard devia t ion  of SF. 

For computation purposes, i t  i s  more convenient, however, t o  express 
Equation (11) i n  the  form 

where n i s  the sample s i z e  and the  summations extend over a l l  n. Ei the r  
of these forms may be more properly r e fe r r ed  t o  a s  the product-moment co- 
e f f i c i e n t  of co r re l a t ion .  

The computation procedure used t o  develop the  graphs i n  Appendix A 
consis ted of ca l cu la t ing  the v e r t i c a l  p r o f i l e  of the c o e f f i c i e n t  of co r -  
r e l a t i o n  f o r  each of the  da ta  s t r a t i f i c a t i o n s  discussed i n  the  previous 
sec t ions .  More spec i f i ca l ly ,  f o r  a given s t r a t i f i c a t i o n  c e l l  t he  sample 
da t a  a t  each a l t i t u d e  w a s  used t o  c a l c u l a t e  r (p ,  SF] by means of Equa- 
t i o n  (12). Furthermore, the  ca l cu la t ions  were conducted f o r  both the 
value of 10.7-cm s o l a r  f l u x  recorded on the day of the dens i ty  sounding 
and f o r  the s o l a r  f l u x  value observed on the preceding day. The com- 
puter  program developed f o r  the I B M  1620 da ta  processing system t o  per -  
form these ca l cua l t i ons  i s  l i s t e d  i n  Appendix B. This program uses the 
i n s t r u c t i o n  set  from the  1620 PDQ FORTRAN code. A second computer pro- 
gram was w r i t t e n  f o r  the IBM 1620 AUTOPLOTTER system t o  machine p l o t  the 
r e s u l t s  of these ca l cu la t ions  on an IBM 870 document wr i t ing  system. 

Because of s c a t t e r i n g  due t o  sampling f luc tua t ions ,  the  ind iv idua l  
c o r r e l a t i o n s  ca lcu la ted  by Equation (12) were smoothed across  a l t i t u d e  
a s  p a r t  of the  p l o t t i n g  operation. The p a r t i c u l a r  smoothing operator  
used was 

N N 
= a rh + (1 - a) rhml rh 
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is  the unsmoothed value of the  c o r r e l a t i o n  c o e f f i c i e n t  atN 
where height  'f: , ?h i s  the  smoothed c o r r e l a t i o n  c o e f f i c i e n t  a t  height  h, rhml 
i s  the  smoothed value a t  a u n i t  height  i n t e r v a l  below h, and a i s  the 
smoothing coe f f i c i en t .  The process defined by Equation (13) i s  c a l l e d  
exponential  smoothing [17] since maximum weight i s  assigned t o  the  
value a t  height  (h) with the weights a t  o ther  a l t i t u d e s  decreasing ex- 
ponent ia l ly  a s  a func t ion  of the  separa t ion  dis tance.  The response of 
t h i s  smoothing opera tor  t o  changes i n  the  p r o f i l e  is  governed by the 
value of a se lec ted .  I n  the cu r ren t  appl ica t ion ,  maximum response was 
desired so  t h a t  small scale changes i n  the p r o f i l e  would be re ta ined .  
Accordingly, a value of a = 0.5 w a s  used which i s  equiva len t , in  terms 
of the  average height,,to a three-point  moving average. The graphs 
given i n  Appendix A represent  a p l o t  of these smoothed values  as a 
funct ion of height ,  
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SIGNIFICANCE OF THE CORRELATION PROFILES 

A s  noted earlier, Jacchia  [18-221 has shown t h a t  the  10.7-cm s o l a r  
f l u x  and the dens i ty  i n  the atmosphere above 200 km have a high degree 
of co r re l a t ion .  
s o l a r  f l ux  the  atmospheric dens i ty  i s  a l s o  high, while a t  times of low 
s o l a r  f lux,  t he  atmospheric dens i ty  above 200 km is r e l a t i v e l y  lower. 
This 10.7-cm s o l a r  f l u x  is undoubtedly not  the r ad ia t ion  which i s  d i -  
r e c t l y  responsible  f o r  the  v a r i a t i o n  i n  densi ty .  
s ized  t h a t  t h i s  r a d i a t i o n  is most probably an ind ica to r  of some o ther  
r a d i a t i o n  which does inf luence the atmosphere; i .e. ,  r a d i a t i o n  which is  
absorbed by some t h i n  l aye r  of the  atmosphere below 200 km i n  g rea t e r  o r  
l e s s e r  amounts as the 10.7-cm f l u x  increases  o r  decreases.  An a l t e r n a -  
t i v e  hypothesis i s  t h a t  there  may be a v a r i a t i o n  of mass in f lux  i n t o  
the  upper atmosphere of gaseous material d i r e c t l y  r e l a t e d  t o  va r i a t ions  
i n  s o l a r  a c t i v i t y ;  i . e . ,  d i r e c t l y  r e l a t e d  t o  va r i a t ions  i n  the  10.7-cm 
f l u x  which causes the atmospheric dens i ty  a t  a l t i t u d e s  of 300 t o  500 km 
t o  vary accordingly.  
f i nd  a t  least one region of negative c o r r e l a t i o n  below 200 km. 
l a t t e r  hypothesis alone i s  c o r r e c t  there  should be no c o r r e l a t i o n  between 
p and s o l a r  f l u x  below 200 km. 

This i s  a pos i t i ve  c o r r e l a t i o n  so  t h a t  a t  times of high 

Rather, i t  i s  hypothe- 

If the  former hypothesis i s  co r rec t ,  we should 
I f  the  

I f  a r e l a t e d  r a d i a t i o n  i s  the primary cause of the co r re l a t ion ,  
t h i s  r a d i a t i o n  must be absorbed i n  some lower l aye r  of the atmosphere, 
such t h a t  the atmosphere there  i s  heated i n  a proport ionate  amount with 
an accompanying inverse  r e l a t ionsh ip  i n  the value of the l o c a l  densi ty ,  
and a d i r e c t l y  r e l a t e d  v a r i a t i o n  i n  dens i ty  a t  higher a l t i t u d e s .  
example, a high value of 10.7-cm f l u x  implies increased r a d i a t i o n  which 
i n  tu rn  produces a high l o c a l  value of temperature i n  the l aye r  i n  which 
i t  was absorbed. This r e s u l t s  i n  a decreased loca l  density,  a l i f t i n g  
of the atmosphere above t h i s  l a y e r  and correspondingly higher d e n s i t i e s  
a t  a l t i t u d e s  above the  absorbing layer .  Thus, i f  there  i s  but a s ing le  
l aye r  absorbing s i g n i f i c a n t  amounts of rad ia t ion ,  a negative c o r r e l a t i o n  
between s o l a r  f l u x  and dens i ty  should be observed a t  the a l t i t u d e  of 
t h i s  layer .  
served. 

For 

A t  g rea t e r  a l t i t u d e s ,  a pos i t i ve  c o r r e l a t i o n  should be ob- 

It i s  w e l l  known t h a t  i n  the regions between 100 and 150 km, a con- 
s iderable  amount of r ad ia t ion  absorpt ion does occur. I f  t h i s  r ad ia t ion  
pr imari ly  i n  the Shumann-Runge continuum (at wavelengths sho r t e r  than 
17602) i s  associated with the v a r i a b i l i t y  of the  s o l a r  f lux ,  then i t  i s  
reasonable t o  bel ieve t h a t  dens i ty  changes occur i n  t h i s  region i n  such 
a way t h a t  they are negat ively co r re l a t ed  with s o l a r  f lux .  The co r re s -  
ponding l i f t i n g  and f a l l i n g  of the atmosphere above t h i s  absorpt ion 
l aye r  would then be influenced i n  the opposite way t o  give pos i t i ve  co r -  
r e l a t i o n s .  
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A s imi l a r  s i t u a t i o n  might be expected t o  e x i s t  i n  the upper regions 
of the  ozone l aye r  extending from about 60 km down t o  20 km o r  below. 
While the  maximum ozone concentrat ion occurs perhaps as low a s  25 t o  27 km, 
t he  u l t r a v i o l e t  r a d i a t i o n  from the  Herzberg continuum ( for  wavelengths of 
2420a and shor t e r )  is  near ly  e n t i r e l y  absorbed by the  very small concen- 
t r a t i o n  of ozone i n  the  upper regions of t h i s  layer ,  namely from about 60 
km down t o  45 km. I f  the  Herzberg-continuum por t ion  of the u l t r a v i o l e t  
spectrum i s  keyed t o  the 10.7-cm radia t ion ,  then w e  might expect t o  f ind  
an increase  of heat ing i n  the  top of the  u l t r a v i o l e t  l aye r  with increases  
i n  the  10.7-cm f l u x  and correspondingly decreases i n  heat ing during per iods 
of low s o l a r  f lux.  I f  t h i s  s i t u a t i o n  e x i s t s ,  then we would expect t o  f ind  
negative c o r r e l a t i o n s  between s o l a r  f l u x  and atmospheric dens i ty  i n  these 
regions (45 t o  60 km) with a corresponding region of pos i t i ve  c o r r e l a t i o n  
some kilometers above, say, i n  the 70 t o  90 km region. 

I f  the  10.7-cm f l u x  i s  keyed t o  the v i s i b l e  o r  i n f r a red  por t ion  of 
the s o l a r  spectrum, then we might expect t o  f ind  an increase of l o c a l  
heat ing a t  the  surface of the  e a r t h  and i n  the lower boundary l aye r s  of 
the atmosphere with a r e s u l t a n t  negat ive c o r r e l a t i o n  near the  surface and 
again more pos i t i ve  c o r r e l a t i o n s  a t  some a l t i t u d e s  above t h i s  l eve l .  

Thus i t  appears t h a t  there  may be a s  many as three  layers :  140-km 
layer,  the  50-km layer ,  and the sur face  layer ,  each of which might con- 
ceivably be influenced by v a r i a t i o n s  i n  r a d i a t i o n  associated with va r i a -  
t i o n  i n  the  10.7-cm f lux .  For each of these three  layers ,  w e  would ex- 
pect t o  f ind  a degree of negative co r re l a t ion ,  whereas the regions i n  
between would tend towards pos i t i ve  co r re l a t ions .  I n  each instance,  how- 
ever, the  inf luence of the  l i f t i n g  of the atmosphere from the lowest layer  
would tend t o  confuse the simple p i c tu re  and would be added onto the  i n -  
f luences of r a d i a t i o n  absorpt ion i n  the successively higher layers .  
i n  the regions above the highest  region of s i g n i f i c a n t  energy absorpt ion 
t h a t  i s  above the  120-km layer ,  would one expect t o  f ind  a cons i s t en t  
pos i t i ve  co r re l a t ion .  

Only 

I n t e r p r e t a t i o n  of the  p r o f i l e s  given i n  Appendix A t o  evaluate  the  
ex ten t  t o  which they tend t o  support t h i s  theory requi res  e s t ab l i sh ing  
the s t a t i s t i c a l  s ign i f icance  of the ca lcu la ted  c o r r e l a t i o n  values.  I n  
the  absence of a p r i o r i  knowledge f o r  the populat ion c o r r e l a t i o n  coef -  
f i c i e n t ,  we may t e s t  the  n u l l  hypothesis of no s i g n i f i c a n t  d i f fe rence  
from a population c o r r e l a t i o n  of zero. Any s i g n i f i c a n t  departure  from 
t h i s  hypothesis may be ind ica t ive  of a r e l a t i o n  between s o l a r  f l u x  and 
atmospheric densi ty .  

The exac t  d i s t r i b u t i o n  of the  c o r r e l a t i o n  c o e f f i c i e n t  f o r  small 
samples o r i g i n a l l y  derived by R. A. Fisher  has been tabulated by David [23]. 
Based on these t a b l e s  an empir ical  func t ion  was derived t o  a i d  i n  ca lcu-  
l a t i n g  f i d u c i a l  limits f o r  the  c o r r e l a t i o n  c o e f f i c i e n t  a s  a funct ion of 
sample s i z e ,  
s ign i f icance  of the  sample 
l a t i o n  of zero, these  l i m i t s  a r e  given by 

For the  5 percent  and 95 percent confidence b e l t  t o  test 
c o r r e l a t i o n  c o e f f i c i e n t  with an assumed popu- 
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(-0.535) R = ,+ 1.89 n 

where R i s  taken as the  upper o r  lower l i m i t  depending upon the  s ign  
and n i s  the  sample s i z e .  This function, then, w a s  used t o  i n t e r p r e t  
the  s ign i f icance  of the c o r r e l a t i o n  c o e f f i c i e n t  p r o f i l e s .  

The procedure cons is ted  of t e s t i n g  the s ign i f icance  of t he  ca lcu-  
l a t ed  value f o r  t he  c o r r e l a t i o n  c o e f f i c i e n t  (unsmoothed) a t  each 1-km 
a l t i t u d e  i n t e r v a l  of the  p r o f i l e .  The test was ,  however, l imi ted  t o  
c o r r e l a t i o n s  obtained from d a t a  cons i s t ing  of more than three  sample 
points .  I f  the ca lcu la ted  value of the c o r r e l a t i o n  c o e f f i c i e n t  ex- 
ceeded the confidence l i m i t  value, then the n u l l  hypothesis of no s i g -  
n i f i c a n t  d i f fe rence  from a population c o r r e l a t i o n  of zero must be re- 
jec ted ,  A l l  a l t i t u d e s  f o r  which the n u l l  hypothesis was r e j ec t ed  were 
noted and tabulated.  

Examination of the r e s u l t s  from t h i s  ana lys i s  tend t o  give some 
preliminary support  t o  the proposed model f o r  the e f f e c t s  of s o l a r  f l u x  
anomalies on atmospheric dens i ty  va r i a t ions  below 200 km. 
i s  most c l e a r l y  evident  from ana lys i s  of the combined hemispherical d a t a  
shown i n  Figure 8. The bars  i n  t h i s  graph show the height  i n t e r v a l s  
over which the c o r r e l a t i o n  c o e f f i c i e n t  w a s  found t o  be s i g n i f i c a n t l y  
d i f f e r e n t  from zero ( e i the r  pos i t i ve  o r  negat ive) .  Figure 8(A) f o r  
example, i l l u s t r a t e s  t h a t  when a l l  d a t a  from the  study are grouped i n -  
t o  a s ing le  p ro f i l e ;  i .e. ,  seasonal mean d iu rna l  mean, and hemis- 
pher ica l  mean, the  c o r r e l a t i o n  is  negative a t  lower a l t i t u d e s  (40-83 km) 
and pos i t i ve  a t  higher  a l t i t u d e s  (93-104 km). 
which these i n t e r v a l s  apply i s  somewhat a r b i t r a r y  s ince  they are de- 
termined by the  confidence levels used i n  the  s ta t is t ical  test. However, 
even when 1 percent confidence l i m i t s  are appl ied t o  t h i s  p r o f i l e ,  the  
key r e s u l t  of a s i g n i f i c a n t  negative c o r r e l a t i o n  centered a t  approxi- 
mately 60 km and a s i g n i f i c a n t  pos i t i ve  c o r r e l a t i o n  centered a t  100 km 
remains c l e a r l y  evident.  

This r e s u l t  

The exact  boundary over 

A more d e t a i l e d  ana lys i s  showing the seasonal v a r i a t i o n  i s  shown 
i n  Figure 8(B). Both the spring, autumn and winter  seasons show the  
c h a r a c t e r i s t i c  low a l t i t u d e  negat ive c o r r e l a t i o n s  and higher  a l t i t u d e  
pos i t i ve  co r re l a t ions .  The summer season, though, presents  an anomaly 
t o  t h i s  p a t t e r n  by ind ica t ing  pos i t i ve  c o r r e l a t i o n  a t  a l l  a l t i t u d e s .  
Figure 8(C) shows the  d i f fe rence  is  observed even when the f i n e r  resolu-  
t i o n  summer and winter  extreme season r e s u l t s  a r e  compared. 

The d iu rna l  v a r i a t i o n  i s  shown i n  Figure 8(D) of t h i s  graph. 
t h i s  case both the nighttime and d iu rna l  t r a n s i t i o n  per iods ind ica t e  
negat ive co r re l a t ions  a t  lower a l t i t u d e s  with pos i t i ve  co r re l a t ions  a t  
higher a l t i t u d e s .  The daytime cases,  however, show only a pos i t i ve  
c o r r e l a t i o n  of dens i ty  with s o l a r  f lux .  

I n  
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combined hemispherical da ta .  
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A l l  of the  graphs i n  Figure 8 show the  v a r i a t i o n  f o r  a given s ing le  
s t r a t i f i c a t i o n  while averaging over the  o ther  f ac to r s .  
was conducted on a more homogeneous set of da ta  i n  an attempt t o  minimize 
any i n t e r a c t i o n  e f f e c t s  of l a t i t u d e ,  s easogand  time of day. S ign i f i can t  
r e s u l t s  were obtained here i n  only a l imi ted  number of cases  because of 
the  small sample s i z e s  ava i l ab le  when the  da t a  are highly s t r a t i f i e d .  
From the cases  which did y i e l d  s i g n i f i c a n t  r e s u l t s ,  the  da ta  ind ica ted  
t h a t  season was the  s t ronger  f a c t o r  i n  determining whether the c o r r e l a -  
t i o n  was pos i t i ve  o r  negative than was the t i m e  of day. No s i m i l a r  evalu-  
a t i o n  was poss ib le  a s  t o  the r e l a t i v e  inf luence of l a t i t u d e  on t h i s  r e s u l t .  

A f u r t h e r  ana lys i s  

Final ly ,  a review of the  d i f f e rence  i n  the  c o r r e l a t i o n s  between those 
f o r  the s o l a r  f l u x  of cu r ren t  day and those f o r  the  s o l a r  f l u x  from the  
preceding day shows i n  general  t h a t  the p r o f i l e s  a r e  very s imi l a r .  Only 
i n  a s ing le  case do the  two p r o f i l e s  show a s i g n i f i c a n t l y  d i f f e r e n t  re- 
s u l t  (see Figure 24 i n  Appendix A ) .  I n  t h i s  instance,  the  two p r o f i l e s  5 

a r e  s imi l a r  up t o  about 100 km but above t h i s  he ight  they diverge.  Be-  
cause the sample s i z e  i n  t h i s  upper region is  very small, the  r e l i a b i l i t y  
of t h i s  p a r t i c u l a r  r e s u l t  i s  extremely l imi ted .  
r e l a t ionsh ip  has been observed by the  cu r ren t  set  of ca l cu la t ions .  

Hence, no important l ag  
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VARIABILITY O F  ATMOSPHERIC DENSITY 

The dens i ty  da ta  accumulated f o r  study of i t s  r e l a t i o n  t o  s o l a r  
f l u x  a l s o  served a s  the  bas i s  f o r  a separa te  inves t iga t ion  of the  l a t i -  
tudinal ,  seasonal,  and d iu rna l  v a r i a b i l i t y  of atmospheric dens i ty  alone. 
By means of the  d iv i s ion  of the da ta  i n t o  the  cel ls  of var ious reso lu-  
t ions ,  the co r re l a t ion  s tud ie s  were performed i n  such a manner so  as t o  
e l iminate  the e f f e c t s  of l a t i t u d e ,  season, and time of day. The s tud ie s  
of the v a r i a t i o n  of dens i ty  with l a t i t u d e ,  season, and t i m e  of day, how- 
ever,  had no provis ions f o r  normalizing the s o l a r  f l u x  inf luences.  The 
v a r i a t i o n s  of dens i ty  a t  each a l t i t u d e  with va r i a t ions  of l a t i t u d e ,  sea-  
son, and time of day, were determined by comparing the d i f f e rences  between 
average values of dens i ty  f o r  a p a r t i c u l a r  a l t i t u d e  i n  each of the var ious 
c e l l s  with a common reference dens i ty  value f o r  t h a t  a l t i t u d e .  

The reference values used consis ted of the  hemispheric, seasonal mean, 
d iu rna l  mean, dens i ty -a l t i t ude  p r o f i l e  ca lcu la ted  from the 437 soundings 
making up the da ta  s e t .  This w i l l  henceforth be c a l l e d  the hemispheric 
mean. This hemispheric mean dens i ty -a l t i t ude  p r o f i l e  i s  compared with the 
1962 U . S .  Standard Atmosphere [8] i n  Figure 9. The severa l  considerable 
departures  of the  ca lcu la ted  hemispheric mean dens i ty -a l t i t ude  p r o f i l e  
from the U. S. Standard Atmosphere suggest t h a t  the  U. S. Standard Atmosphere 
i s  not a good mean atmosphere p a r t i c u l a r l y  near 95 kmwhere the dens i ty  of 
the hemispheric mean atmosphere i s  26 percent g rea t e r  than t h a t  of the 
U. S. Standard. 

The percentage of devia t ion  from the  hemispheric mean of the  mean 
dens i ty -a l t i t ude  p r o f i l e s  f o r  each member of two se l ec t ed  sets of cells  
was ca lcu la ted  and p lo t t ed .  

The f i r s t  of these sets consis ted of the summer d iu rna l  mean, and 
the  winter  d iu rna l  mean cells f o r  each of f i v e  l a t i t u d e  bands. The second 
of these s e t s  consis ted of the  annual mean day and annual mean n ight  c e l l s  
f o r  each of f i v e  l a t i t u d e  bands. The graphs f o r  each of the two s e t s  of 
c e l l s  a r e  presented a s  composites i n  Figures 10 and 11. 

The winter  t o  summer v a r i a t i o n s  f o r  the var ious l a t i t u d e s  are shown 
i n  the  f i r s t  of these f igures .  While the percentage of departures  were 
not ca lcu la ted  f o r  a l t i t u d e s  below 30 km, the  s lope of the winter  and 
sumnaer a r c t i c  graphs s t rongly  suggest the ex is tence  of the f i r s t  isopycnic 
l aye r  perhaps near  10-km a l t i t u d e .  
90 km i s  dramatical ly  evident  i n  the  case of the  subarc t ic  and mid-lat i tude 
p a i r s  of curves with d i s t i n c t  c ross ings  occurring a t  87 and 90 km respec- 
t i v e l y .  The arctic da ta  do not  extend to  a s u f f i c i e n t  a l t i t u d e  t o  sub- 
s t a n t i a t e  t h i s  isopycnic layer .  The winter  t o  summer v a r i a t i o n  as shown 
by the  subt ropica l  p a i r  of curves is  s o  small t h a t  the second is0 
laye r  i s  not  sharply defined by these data .  
cal  v a r i a t i o n s  a r e  even smaller and were omitted from t h i s  composite 

The second isopycnic l aye r  [24] near 

The winter  t o  summe 
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PERCENT DEVIATION 

Figure 9.  Percent deviation of the hemispherical, seasonal, 
diurnal mean density-altitude prof i l e  from that of the 
1962 U.S. Standard Atmosphere. 
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Figure 10. Winter d i u r n a l  mean t o  summer d i u r n a l  mean v a r i a b i l i t y  
of  d e n s i t y - a l t i t u d e  p r o f i l e s  f o r  va r ious  l a t i t u d e s  shown 
a s  percent  dev ia t ions  of such p r o f i l e s  ( fo r  va r ious  
combinations of season and l a t i t u d e )  from t h a t  of the  
mean atmosphere. 
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graph t o  reduce the  confusion. This graph a l s o  shows the  seasonal de- 
pendence of the  mesospheric dens i ty  t o  vary s t rong ly  with l a t i t u d e  with 
v a r i a t i o n s  of a t  least $0 percent  from the  mean f o r  the  arctic decreas-  
ing t o  about &5 percent  from the  mean f o r  the subtropic .  
pause the  p i c t u r e  i s  confused, wi th  subarc t ic  winter  and summer graphs 
c ross ing  a t  102 and a t  117 km. The simple tulip-shaped seasonal-  
l a t i t u d i n a l  model suggested i n  the  1966 U . S .  Supplement t o  the  Standard 
Atmosphere [25]  i s  not  subs tan t ia ted  by these curves. 

Above the meso- 

It should be noted t h a t  while each of the  curves of t h i s  f i g u r e  
represent  d a t a  from any t i m e  of day and hence comprise a kind’of d iu rna l  
mean sample, the  arctic curves a r e  f a r  from represent ing such a mean. 
I n  accordance with the  d e f i n i t i o n s  of day, night ,  and t r a n s i t i o n  period 
used i n  t h i s  study, almost no summer nighttime da ta  e x i s t  f o r  the a r c t i c .  
S imi la r ly  almost no winter  daytime da ta  e x i s t  f o r  the a r c t i c ,  thus the 
two a r c t i c  curves  r e a l l y  show the  d i f f e rence  e s s e n t i a l l y  between winter  
nighttime and summer daytime da ta .  

The second composite f igu re  d e p i c t s  the v a r i a t i o n  between annual 
mean daytime and annual mean night t ime dens i ty  a l t i t u d e  p r o f i l e s  f o r  
var ious l a t i t u d e s .  A f i r s t  isopycnic l aye r  near  10 km a l t i t u d e  is 
s t rongly  suggested by a downward extension of the  two a r c t i c  curves.  
Again the  mesospheric dens i ty  v a r i a b i l i t y  i s  g r e a t e s t  f o r  the a r c t i c  
region and becomes smaller with decreasing l a t i t u d e  t o  the mid-lat i tude 
region a t  which poin t  no f u r t h e r  decrease i n  v a r i a t i o n  i s  seen. A mini- 
mum v a r i a t i o n  of about 57 percent  from the  mean i s  observed f o r  the  
t rop ic s .  I n  t h i s  f i g u r e  the sub t rop ica l  curves  were omitted t o  reduce 
the confusion. 

The l a rge  d iu rna l  v a r i a t i o n s  shown f o r  suba rc t i c  and a r c t i c  curves 
a r e  somewhat misleading f o r  reasons discussed above. While these  curves 
i n  p r i n c i p l e  represent  annual mean da ta ,  the  a r c t i c  n ight  da ta  are a l -  
most e n t i r e l y  f o r  summer. This s i t u a t i o n  a l s o  p r e v a i l s  but t o  a lesser 
ex ten t  f o r  the  subarc t ic  data .  Thus while the  small d iu rna l  v a r i a t i o n s  
of dens i ty  shown f o r  the  lower l a t i t u d e s  a r e  t r u l y  a d iu rna l  e f f e c t ,  
the  l a r g e r  values  a t  higher  l a t i t u d e s  a r e  based with a seasonal i n f l u -  
ence 

The two composite f i g u r e s  would undoubtedly show improved r e s u l t s  
with l a r g e r  sample s i ze ,  a normalization f o r  t he  inf luence s o l a r  f lux,  
and an improved smoothing funct ion.  
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C PROGRAM TO CORRELATE DENSITY WITH 10a7-CM SOLAR FLUX 
C COMBINES DATA INTO FOLLOWING TYPES OF CELLS) (5,193) ( 5 , 4 9 1 )  
C (5,191) (1,1931 (1~491) AND (1~131) 
C P4 MORGENSTERN 6/29/67 

EXECUTE PROCEDURE 2000 
4 READ 101 ,IHT2,D ,SOL ,FLUX 9 ILAT, ISEAZ, ISEA3 9 IETR 

101 F O R M A T ( I 4 ~ E 1 0 a 4 , 3 5 X 2 F 3 a O ~ 6 X I ~ ~ 6 X 2 I l r 9 X I 1 ~  
IF(IHTZ-IHT1) 4 9 8 9 6  

C SQUARES AND CROSS-PRODUCTS --_-_---_--__---_-----__------------+---------- 
8 SIGD=D*Q 
SIGSL=SOL++SOL 
SIGFX=FLUX*FLUX 
COVDS= D*SOL 
COVFS=D*F LUX 

I I=ISEA3 

30 ILAT=ILAT+l 

___________________- -___- -___-______-_- -_ - - - -_ - - -  

C STRATIFY DATA BY SEASON AND TIME OF DAY _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ - _ _ _ _ - _ _ _ - _ _ - _ - - - - - - -  

IF ( ILAT 13093O 93 1 

31 J J=ILAT _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - _ _ _ _ _ _ _ - _ - _ _ - -  
EXECUTE PROCEDURE 10 

EXECUTE PROCEDURE 10 
20 II=IETR+5 

EXECUTE PROCEDURE 10 
11=10 
EXECUTE PROCEDURE 10 
GO TO 4 

__-- - -_- - - - - - -_- - - -  ---- 

C SUMMATIONtSUMMATION OF SQUARES, AND 
C SUMMATION OF CROSS-PRODUCTS 

BfGIN PROCEDURE 10 
N (  I 1 9  JJ)=N( I I s  JJ )+1 
SD{II,JJ)=SD(II,JJ)+D 

1 2 _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - - _ _ _ _ _ - _ - - _ _ _ _ - _ - _ - - _ - - _ - - - - _  

l I _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ - - _ _ - - _ - _ - - - _ - - -  
I SDD(II,JJ)=SDD(II,JJ)+SIGD 

10 SSOL ( I 1,JJ) =SSOL I I rJJ )+SOL 
SSO~L(IIIJJ)=SSOLL(II,JJ)+SIGSL 



i 

- i  

S D S O L ( I I J  6 ) = S D S O L ( I I ,  6 l + S D S O L ( I I , J J )  
33 SDFLX( I 1 9  6 )=SDFLX f I 1, 6 )+SDFLX( I I rJJ 1 

L 

DO 7 1 1 = 1 ~ 1 0  
DO 7JJ=1,6 

__ - - - ___ - - - --_ _ __ - ___ - __ - - __ __ __ _ _  - __ ___ - _ _ _ __ - - - - ___ __ - - - 

L=JJ+l 
C SAMPLE S I Z E  EQUAL TO OR GREATER THAN 3 

C CALCULATE CORRELATION COEFFIC IENT 
I F ( N ( I I , J J ) - 3 ) 7 , 9 , 9  

9 E N = N ( I I , J J )  
X S D = S D ( I I , J J )  

COVDS=(EN+SDSOL(IIJJJ)-XSD+XSD*XSSOL)/ENN 
COVDF=(EN*SDFLX(II,JJ)-XSD*XFLUX)/ENN 
RHODS=COVDS/(SIGD*SIGSL) 
RHODF=COVDF/(SIGD*SIGFX) 

C CALCULATE CELL  CODE 
16 GO TO ( 2 1 ~ 2 1 ~ 2 1 ~ 2 1 , 2 2 ~ 2 2 ~ 2 2 ~ 2 1 ~ 2 1 ~ 2 3 ) ~ 1 1  
2 1  I J = I I  _ __ - - - - - - - - - - - - - - _ _ __ - - - _ _  - __ - __ - - _ __ - - _ _ __ __ _ - - - - - - . 

J I = 7  
L A T = J J  
GO TO 14 

7 CONTINUE ’ 12 
1 5  EXECUTE PROCEDURE 2000 

I 

10 GO TO 8 
C I N I T I A L I Z E  CELL  SUMMATIONS 

4 S D S O L ( I I , J J ) = O * O  
5 S D F L X { I I , J J ) = O e O  



I2 I F ( 1 D - 1 )  21922921  
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